An experiment was conducted at the Ohio State University using a sand and gravel-filled tank model, to investigate the influence on the GPR response of vadose zone gasoline vapor phase effects and residual gasoline distributed by a fluctuating water table. After background GPR measurements were made with only water in the tank, gasoline was injected into the bottom of the model to simulate a subsurface discharge from a leaking pipe or tank. GPR measurements were made on a 3-D grid on the surface of the tank for an extended period of time after the injection to monitor changes in a vadose zone with no residual gasoline. Water was then introduced beneath this gasoline and the water table was raised and lowered in stages with GPR measurements made at each liquid level.
INTRODUCTION
A considerable amount of research in recent years has focused on the viability of using GPR as a means to detect and monitor the extent of light non-aqueous phase liquids (LNAPL's) in the vadose zone Grumman and Daniels, 1995; Olhoeft, 1986; and Redman et al., 1994) . Physical model studies have provided information on GPR detection of LNAPL hydrocarbon spills (mostly non-volatile) migrating downward through the vadose zone (Campbell et al., 1996; and DeRyck et al., 1993) . However, no experimental work to date prior to that discussed herein has involved an LNAPL introduced at depth (with no residual LNAPL initially directly above the pooled LNAPL), focused on the possible detectable changes occurring from vapor phase effects, or studied contaminant distribution by a fluctuating water table.
At many sites of environmental concern LNAPL hydrocarbon contamination originates at depth from buried tanks or pipes and spreads through the vadose zone. Vapor phase contamination migrates away from volatile liquid phase hydrocarbons, and both the liquid and vapor phases of contamination are redistributed as a result of water table fluctuations. Objectives of this research that are discussed and presented in this paper concern the investigation using a physical tank model of: 1) the potential of GPR for detecting vapor phase effects from a volatile hydrocarbon contaminant (gasoline) in the vadose zone, and 2) the effects on the GPR response of residual hydrocarbons distributed by simulated water table fluctuations.
EXPERIMENTAL PROCEDURES
The physical model used for experimentation consisted of a polyethylene cylindrical tank (242 cm in diameter and 121 cm deep) filled with sand and gravel. The tank configuration is shown in Figure 1(a) . A port in the center of the bottom of the tank was installed to allow for the introduction and draining of water and gasoline. A monitoring well was installed close to the tank wall so that liquid levels in the tank could be monitored. Gravel (0.64 -0.95 cm grain diameter) filled the bottom of the tank to a thickness of 16.5 cm and was overlain by 90 cm of quartz sand (0.05 -0.1 cm grain diameter). Laboratory measurements yielded porosity values for the gravel and sand of 36 and 31 percent respectively, and residual saturation values of 7 -9 percent for the gravel and 9 -11 percent for the sand. The capillary rise of water in the sand was measured to be 11.4 cm. The gravel and sand were dry when placed in the tank and both were assumed to be homogeneous and isotropic porous layers. A GPR grid consisting of 17 parallel lines each 121 cm long and 7.62 cm apart was situated in the center of the tank over the sand medium as shown in Figure 1(b) . The GPR system used was a GSSI SIR-10A and GSSI model 3101 bistatic antenna with a center frequency of 500MHz.
Fluctuating Water Table Models
Background GPR measurements were made prior to any addition of water into the tank, and during a raising and lowering of the water table with no hydrocarbon contamination. These measurements provided a baseline for comparison of measurements made during subsequent stages of the experiment. GPR measurements were repeated over an extended time period subsequent to any changes made in the tank to monitor changes in the GPR response as the system moved towards equilibrium. The water table was initially raised to a level of 66 cm from the bottom of the tank in three stages. GPR measurements were made over time during this raising at water levels of 25.4, 35.6, and 66 cm. After measurements at the highest water level, water was drained from the tank leaving residual saturation of water in the tank. GPR measurements were also made during the drainage of the water in the tank at water levels of 30.5, 13.8, and 0 cm.
Fluctuating Water Table Models with Gasoline
Prior to the addition of gasoline to the tank there was approximately 7.6 cm of water at the bottom of the tank. This water was the result of pore water exceeding residual saturation in the sand and gravel that migrated downward to the bottom of the tank during the 16 hours after draining the tank of water. Two hundred and nineteen liters of gasoline were injected into the tank to simulate a subsurface discharge just beneath a water table. The gasoline moved upward through the water within the permeable gravel, and raised the total liquid level to 22.9 cm, and GPR measurements were made over extended time periods after this injection. Water was then introduced beneath the gasoline to simulate a rise of the water table, raising the total liquid level up to 73.7 cm. GPR measurements were made at liquid levels of 53.3 and 73.7 cm during the water table rise. The water and gasoline were then drained to leave only residual saturation of water and gasoline in the tank. Measurements were made during drainage of the tank at liquid levels of 35.6, 7.6, and 0 cm.
DISCUSSION AND RESULTS
At each stage of the experiment, the tank model exhibited a different hydrogeologic profile with depth. One-dimensional (1-D) modeling was performed to calculate the theoretical two-way travel times of the major reflections using the porosity, saturation and relative permittivity of each hydrogeologic layer in the tank model. The results of the 1-D modeling were used to aid in the interpretation of the GPR data with 1-D traces, two-dimensional (2-D) profile sections, and threedimensional (3-D) images.
Fluctuating Water Table Models GPR 2-D profiles at each level of the raising and lowering of the water table are shown in Figure 2 . Reflections from the water saturation zone on the 2-D profile sections are from the top of capillary fringe above water table. The water saturation in the capillary fringe is close to 100 percent, and the difference in relative permittivity between the water table and capillary fringe interface is too small for GPR to detect. Therefore the capillary fringe was imaged as the geophysical water table. The two-way travel time of this reflection corresponds to the response from the top of capillary fringe in the 1-D modeling. The background measurements made during the raising and lowering of the water table demonstrate the sensitivity of GPR for detecting small changes in the geophysical water table (Figure 2(a)-(g) ). A reflection of interest on the profile sections is the interface between the sand and the gravel layers. This reflection shows the same polarity as that of incident wave form when the boundary between the sand and the gravel is above water table (Figure 2(a) , (f), and (g)) since the relative permittivity of the sand is greater than that of the gravel. Conversely, the sand-gravel boundary shows negative polarity (Figure 2(b) , (c), (d), and (e)) when this interface is below the water table, since the relative permittivity of the sand is greater than that of the gravel in this case. This polarity reversal is the result of the change in relative permittivity of the sand and gravel when saturated with water, caused by the difference in porosity of the two materials (gravel has higher porosity and thus a higher relative permittivity when saturated with water). The two-way travel time of the reflection from the geophysical water table in Figure 2 (e) is somewhat greater than that of the geophysical water table reflection in Figure 2(b) , even though the two-way travel distance to this reflector is less in Figure 2 (e). This anomalous effect is probably due to the residual saturation of water causing a slower velocity above the capillary fringe in Figure 2 (e).
Fluctuating Water Table Models with Gasoline GPR 2-D profiles from the first measurement at each liquid level are shown in Figure 3 . After the injection of gasoline into the tank which raised the fluid level to 22.9 cm (Figure 3(a) ), the water table was raised, pushing the gasoline upwards and leaving some residual gasoline beneath the water table. It has been reported that the residual saturation of hydrocarbons in a water saturated zone under similar circumstances is approximately 14 percent regardless of grain size (Wilson and Conrad, 1984) . A capillary fringe (water mixed with gasoline) formed above the water table in the sand beneath the gasoline. It is thought that the water saturation of this capillary fringe was much less than 100 percent and the gasoline saturation was greater than the residual saturation of hydrocarbons beneath the water table. The reflection from the top of the capillary fringe beneath the gasoline throughout this stage of the experiment was detected by GPR as the geophysical water table in a manner similar to the initial raising and lowering of the water table with no gasoline in the tank. The polarities of the reflections from the interface between the sand and gravel show the same pattern as those during the initial (water only) stage of the experiment (Figure 3(a)-(g) ). Reflections did not occur from the gasoline on top of the capillary fringe since the relative permittivity contrast between the gasoline and the overlying sand (with only residual water and/or gasoline) was too low.
Comparison of Models and Effects of Gasoline on GPR
The reflections in Figures 3(c), (d) , and (e) from the sand and gravel boundary show much stronger amplitudes when gasoline is present above this interface than the reflections in Figure 2(b) , (c), (d), and (e) when only water is present above this interface. The relative permittivity of the water-saturated zone in Figures 3(c), (d) , and (e) is less than that in Figures 2(b) , (c), (d), and (e) due to the residual gasoline (~14 percent) in the water saturated zone. Apparently, the residual gasoline allows more energy to propagate through the sand medium than water alone, resulting in a stronger reflection at the sand and gravel boundary when gasoline is present in the water saturated system.
The GPR response over the gasoline in the vadose zone changes as a function of time, as shown on 2-D profile sections in Figure 4 . Gasoline was introduced to the tank to form a gasoline saturated (91-93 percent) zone over the water saturated zone after background measurements ( Figure  4(a) ) at a water level of 7.6 cm. The thickness of the gasoline saturated zone was approximately 15 cm. There is a decrease in GPR signal strength after the introduction of gasoline as a function of time (Figures 4(b) - (e) A decrease in GPR reflection strength over areas of hydrocarbon contamination in the vadose zone has been reported by several researchers (Douglas et al., 1992; Daniels et al., 1995; Grumman and Daniels, 1995; and Maxwell and Schmock 1995) . In this experiment there was only residual water and no residual or liquid gasoline in the vadose zone during the observed decrease in reflection strength because gasoline was introduced from the bottom of the tank. It is thought that the main factor responsible for the observed decrease in amplitude of the GPR anomaly could be the increasing vapor pressure from volatile components in the gasoline. It is possible that this vapor pressure may be causing a redistribution of soil moisture over time in the vadose zone. Thus, soil moisture could be higher in a zone ahead of the upward advancing vapor phase of gasoline, resulting in higher conductivity losses as the vapor phase migrates through the vadose zone and displaces soil moisture towards the surface of the tank.
CONCLUSIONS
The results from the physical tank model experiment show the sensitivity of GPR for monitoring the vertical movement of the water table and demonstrate the potential of GPR for detecting possible vapor phase effects of volatile hydrocarbons in the vadose zone as a function of time. Additionally, data show that the GPR response can be enhanced when residual hydrocarbons are present in a water saturated system due to less attenuation through the medium.
More detailed data including variation in soil moisture content, hydrocarbon vapor pressure, and electrical conductivity with depth in the multiphase soil-air-water-hydrocarbon system are required to better understand the effects of gasoline on the GPR response. This is an ongoing area of research at the Ohio State University.
